Background: Schizophrenia is characterized by a lack of integration between thought, emotion, and behavior. A disruption in the connectivity between brain processes may underlie this schism. Functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) were used to evaluate functional and anatomical brain connectivity in schizophrenia. Methods: In all, 29 chronic schizophrenia patients (11 females, age: mean = 41.3, SD = 9.28) and 29 controls (11 females, age: mean = 41.1, SD = 10.6) were recruited. Schizophrenia patients were assessed for severity of negative and positive symptoms and general cognitive abilities of attention/concentration and memory. Participants underwent a resting-fMRI scan and a DTI scan. For fMRI data, a hybrid independent components analysis was used to extract the group default mode network (DMN) and accompanying time-courses. Voxel-wise whole-brain multiple regressions with corresponding DMN time-courses was conducted for each subject. A t-test was conducted on resulting DMN correlation maps to look between-group differences. For DTI data, voxel-wise statistical analysis of the fractional anisotropy data was carried out to look for between-group differences. Voxel-wise correlations were conducted to investigate the relationship between brain connectivity and behavioral measures. Results: Results revealed altered functional and anatomical connectivity in medial frontal and anterior cingulate gyri of schizophrenia patients. In addition, frontal connectivity in schizophrenia patients was positively associated with symptoms as well as with general cognitive ability measures. Discussion: The present study shows convergent fMRI and DTI findings that are consistent with the disconnection hypothesis in schizophrenia, particularly in medial frontal regions, while adding some insight of the relationship between brain disconnectivity and behavior.
Introduction
Schizophrenia is a mental illness characterized by a lack of integration between thought, emotion, and behavior. 1 It is hypothesized that this schism may be the result of a disruption in the connectivity between brain regions that mediate appropriate information processing. Neuroimaging studies have confirmed that schizophrenia patients show abnormal interactions or connectivity problems between brain regions. 2 The present study uses functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) to evaluate both functional and anatomical connectivity in schizophrenia and their relationship to clinical symptoms and cognition.
Functional Connectivity in Schizophrenia
''Functional connectivity'' is a term used to refer to correlations in brain activity among spatially distinct brain regions, either in a resting state or when processing external stimuli. 3 Neuroimaging studies examining functional connectivity have traditionally examined changes in the blood-oxygen-level dependent (BOLD) response across brain regions during task performance. Such task-related brain activity typically accounts for only 0.5%-1% of brain activity. By contrast, it is estimated that 60%-80% of brain's energy demand is used to support neural communication during rest. 4 Individual differences in this broader ongoing neural activity may reveal impairments present in schizophrenia patients before engaging in a specific task.
Based on positron emission tomography data, Raichle et al 5 identified a default mode network (DMN) consisting of posterior cingulate, precuneus, inferior parietal lobule, and medial frontal cortex. It is hypothesized that activity within this network is heightened during rest and decreases or is suppressed during task performance. Recent fMRI studies that analyze resting-state correlations using independent component analysis (ICA) or related techniques have observed several reproducible resting-state networks. One prominent network is formally similar to the DMN originally identified by Raichle et al. 5 fMRI data previously collected to investigate functional connectivity of the DMN in schizophrenia patients have been examined using 2 approaches. One is a hypothesis-driven data analysis approach that uses the mean time series from preselected of regions of interest (ROIs) as regressors in a correlation analysis in order to examine temporal correlations between chosen ROIs and/or between one selected ROI and the rest of the voxels in the brain. 6, 7 The second data analysis approach is a data-driven method that uses ICA to extract spatially and temporally organized networks. 8, 9 Each methodology, however, has its own caveats. While the ROI analysis may be biased by the selection of the predetermined seeds, ICA may fail to disclose a direct relationship between extracted components and a previously defined hypothesis.
In order to investigate functional connectivity of the DMN in schizophrenia patients more thoroughly, the present study adopted a comprehensive approach that incorporates both methodologies. This novel approach is a variant of a hybrid ICA proposed by McKeown. 10 McKeown points out that the 2 methods typically used to analyze fMRI data (general linear model [GLM] or ICA) represent 2 extremes of data analysis with their own limitations. The GLM technique strongly relies on the assumption that the extracted time series is precise and may lack the characterization of other sources of variability in the fMRI signal that may be omitted from the model and possibly bias the results. The ICA technique may fail to disclose a direct means to test the relationship of a hypothesized time series model of interest. McKeown proposes a balanced ''hybrid'' approach that combines these 2 extremes by taking advantage of ICA's power to accurately characterize the intrinsic structure of the data and GLM's power to guide further analysis to test questions of interest. This more balanced approach eliminates the need of predetermined seeds (as required by GLM on ROI) while it directly tests for the relationship of a time series model of interest.
We used McKeown's hybrid ICA approach to (1) use ICA to identify and remove data-derived sources of noise and variability (movement, scanner-related noise or physiological artifacts) on an individual basis, (2) use ICA to identify a data-derived spatial map with its accompanying model or time series representing DMN fluctuations for each individual, and (3) enter time series of each individual's spatial map representing DMN fluctuations into a conventional GLM for statistical inference. The resulting individual spatial maps were used as the basis of further analysis investigating betweengroup differences in DMN fluctuations as well as correlations between DMN fluctuations and symptoms and signs in schizophrenia patients.
Anatomical Connectivity in Schizophrenia
In order to fully examine interactions or connectivity between brain regions, it is important that in addition to examining the functional connectivity of brain regions in gray matter, we examine the underlying anatomical system in white matter. White matter constitutes the un-derlying ''wiring'' between functional brain regions. White matter organization and integrity can be evaluated with DTI. DTI provides a quantitative method to assess the integrity of anatomical connectivity in white matter based on patterns of water diffusion in neural tissue. 11 White matter integrity can be studied by examining the degree of fractional anisotropy (FA).
Previous studies investigating the congruence between functional and anatomical connectivity measures have reported strong agreement between resting fMRI and DTI connectivity. A study by Skudlarski et al 12 collected resting fMRI and DTI data and generated functional and anatomical connectivity matrices in order to examine the agreement between resting fMRI and DTI connectivity. Skudlarski reported that there was a significant agreement between resting fMRI and DTI connectivity and that the agreement was parametric, such that the regions that had stronger functional connectivity during rest (ie, DMN regions) also showed increased anatomical connectivity. Another study 13 that examined resting fMRI and DTI connectivity generated DMN regions from functional coherence maps and examined the white matter tracts that connected these regions. Greicius reported that particular regions that have strong functional connectivity within the DMN have direct anatomical projections (ie, posterior cingulate projects to medial frontal gyrus [MFG] and medial temporal lobe), suggesting an agreement of resting fMRI and DTI connectivity. Given the reports of these previous studies, the present study examines both functional as well as anatomical connectivity.
Disruptions in white matter integrity have been associated with schizophrenia. 14 Evidence from DTI studies evaluating FA abnormalities in schizophrenia, however, is not consistent. Even though most studies have found lower FA values in the schizophrenia patients when compared with healthy controls, the spatial characteristics of this difference have varied. Studies have found lower FA in widespread white matter regions 15, 16 and more specifically in splenium of corpus callosum, 17 anterior cingulum, 18-21 posterior cinguluml, 21 uncinate, and arcuate fasciculi. 22 
Relationship Between Brain Connectivity and Behavioral Measures
Because regions comprising the DMN (ie, MFG, anterior cingulate gyrus [ACG]) are also involved in behavior such as monitoring internal thoughts, emotion, and cognition, the organization of neural activation and white matter integrity in these regions may affect these aspects of behavior when the person is not at rest. Hence, if DMN regions have impaired connectivity at baseline, performance on behavioral tasks that also engage these DMN regions may be compromised. FMRI studies on healthy controls have found correlations between performance of a task requiring executive functioning and Altered Brain Connectivity in Schizophrenia the strength of functional connectivity of regions within the DMN. 23, 24 Abnormalities in the intrinsic fluctuations of the DMN may be relevant to understanding clinical symptoms and poor cognitive performance of schizophrenia patients. Reported findings, however, have varied in the nature of this relationship, possibly due to differences in methodologies used as described above. Using ICA to extract a component that represented DMN fluctuations during auditory oddball task performance in schizophrenia patients, Garrity et al 9 found that positive symptoms were positively correlated with task-related deactivation in the MFG, the precuneus, and the left middle temporal gyrus in schizophrenia patients. Using a seed in posterior cingulate to analyze resting fMRI from blocks of only rest, Bluhm et al 6 found that both positive and negative symptoms had positive correlations with connectivity of posterior cingulate seed region and other regions of posterior cingulate, bilateral premotor areas, and bilateral regions of the temporal gyrus. Bluhm et al also found that symptoms were negatively correlated with connectivity of posterior cingulate seed region and right temporal lobe, right premotor areas, right middle and left superior temporal gyri, left inferior frontal gyrus, right dorsal ACG, and the brain stem. Using seeds in DMN regions to analyze resting fMRI data extracted from blocks of task performance, Whitfield-Gabrieli et al 7 found that altered intrinsic fluctuations of the DMN during task performance were associated with severity of positive symptoms, as well as working memory performance.
Anatomical connectivity studies have also found a relationship between white matter integrity and behavioral measures such as symptoms and task performance. A preliminary DTI study found an inverse relationship between severity of negative symptoms and FA values in inferior frontal white matter. 25 A recent study by Skelly and colleagues 26 found an inverse relationship between severity of positive symptoms and FA values in uncinate fasciculus, sagittal stratum, and superior longitudinal fasciculus. White matter integrity has also been associated with performance in tasks that assess cognitive functioning such as attention and memory in schizophrenia patients. [27] [28] [29] [30] This literature suggests that brain connectivity abnormalities examined with fMRI and DTI are good indica-tors of patient impairments. Data from relatives of schizophrenia patients 7 showed that altered resting functional connectivity, particularly in medial prefrontal cortex, may be related to risk for the disease, suggesting that this abnormality may be an endophenotype candidate associated with schizophrenia.
The purpose of this study was to integrate neuroimaging methods to further analyze functional and anatomical connectivity in schizophrenia patients. First, fMRI data were analyzed with a novel hybrid ICA approach to investigate functional connectivity differences in the DMN between schizophrenia patients and a control group. Second, DTI data were analyzed to look for anatomical connectivity differences between schizophrenia patients and a control group. Third, an exploratory analysis was conducted to look for associations between the connectivity measures and behavioral measures in schizophrenia. It is hypothesized that schizophrenia patients will show (a) reduced functional connectivity within the DMN when compared with the control group, (b) reduced anatomical connectivity when compared with the control group, and (c) significant correlations between brain connectivity and behavior.
Methods

Participants
Twenty-nine chronic schizophrenia patients (11 females, age: mean [M] = 41.3, SD = 9.3) and 29 healthy participants (11 females, age: M = 41.1, SD = 10.6) were recruited (see table 1 for detailed characteristics of participants). All participants provided written informed consent and received payment for the time they spent participating. Schizophrenia patients were diagnosed with the Structured Clinical Interview for DSM-IV 31 and assessed for negative and positive symptoms using the Scale for the Assessment of Negative Symptoms (SANS) and Scale for the Assessment of Positive Symptoms (SAPS). 32 Out of the 29 chronic schizophrenia patients: 16 were taking 1 atypical antipsychotic, 8 were taking 2 atypical antipsychotics, 1 was taking 1 typical antipsychotic, 1 was taking 1 atypical and 1 typical antipsychotic, 1 was taking 2 atypical and 1 atypical antipsychotics, and 2 were not taking any antipsychotic. Participants were excluded if they fulfilled the criteria for Alcohol or Substance Abuse or Dependence described in the Diagnostic and Statistical Manual of Mental Disorder, Fourth Edition within 3 months prior to scanning, significant medical illness, or head injury resulting in loss of consciousness exceeding 30 min. Education and occupational status were determined with the Socioeconomic Status questionnaire. 33 Groups were matched by levels of education (t(55) = 0.06, P = .952) and occupational status (t(55) = 1.191, P = .239) of primary caregivers. Healthy participants, however, had significantly higher levels of education (t(55) = 5.01, P < .001) and occupational status (t(55) = 5.78, P < .001).
Imaging Data Acquisition
Participants underwent a 6-min resting-state fMRI scan and were instructed to be as still as possible, keep their eyes closed, and stay awake. Images were collected using a Siemens Trio 3T scanner (Erlangen, Germany In a separate session prior to the scan, schizophrenia subjects completed a cognitive battery that included tests to measure 2 domains of general cognitive abilities proposed by Carroll 34 : (1) attention and concentration and (2) memory. Each cognitive ability domain proposed by Carroll should reflect a more general measure of thought processes rather than specific performance in a given task. These domains were chosen for this study because of extensive schizophrenia literature showing impairments in these domains. [35] [36] [37] [38] [39] In order to measure attention and concentration abilities, specific subtests of the Weschler Adult Intelligence Scale-III (digit symbol, digit span, symbol search, letter-number sequence) and the Delis-Kaplan Executive Function System (trails numbers-letters test, tower test) were administered. In order to measure memory abilities, the California Verbal Learning Test II and the Weschler Memory Scales were administered. The scores for each test were scaled and averaged within each domain, resulting in one composite score representing a measure of attention and concentration and one score representing a measure of memory ability for each subject.
FMRI Imaging Analysis
First-Level Analysis. Preprocessing was conducted with FEAT (FMRIB's Software Library [FSL] ). The following prestatistics processing was applied for each subject: first 3 volumes deleted to account for magnetization stabilization, motion correction, B0 field map unwarping, slice-timing correction, non-brain removal, spatial smoothing (with a 6-mm full-width half-maximum kernel), grand mean and intensity normalization, high-pass temporal filtering, registration of all images to standard space. Probabilistic independent component analysis (PICA) analysis was conducted for each individual to denoise individual data by removing components that represented noise such as head motion (which appear as ''rim-like'' artifacts around the brain), scanner artifacts (such as slice dropouts, high-frequency noise, and field inhomogeneities), and physiological noise (components with time courses corresponding to respiration and cardiac frequencies). Noise components were selected by spatial and temporal characteristics detailed in MELODIC (FSL) manual (http://www.fmrib.ox.ac.uk/ fslcourse/lectures/melodic.pdf).
Default Mode Component Identification. A hybrid ICA 10, 40 was performed on the denoised individual data. This approach uses ICA to derive a data-driven model that can be used to create a reference function for use in a GLM analysis. 10, 40 Multisession temporal concatenation 41 was run on all 58 participants as a group, where a standard (space 3 time) ICA decomposition was conducted. PICA yielded 29 spatially independent components for all participants as a group. A DMN mask was created by generating ROIs (spheres of 10-mm radius) with center of mass coordinates from the literature including MFG, 5, 42, 43 posterior parietal cortex, 5, 42, 43 posterior cingulate cortex, 5, 42, 43 and inferior temporal cortex. 42, 43 This DMN mask was then spatially correlated with all 29 components, and the component that had the highest spatial correlation was selected (see figure 1a ).
The following additional ICA analyses were conducted separately on the denoised individual data in order to verify that one group did not have a stronger DMN representation in the main ICA analysis described above. First, an ICA analysis was carried out in which group membership was specified for each participant. Based on this, MELODIC conducted a between-groups test to look for differences in DMN representation by group. FMRI Group Differences. To compare functional connectivity between groups, we used a whole-brain approach to create statistical parametricmaps of thet statistics (using FSL). 44 These unpaired t statistics tested, at each voxel in the brain, for differences in coupling with the default mode, as indexed by DMN correlation coefficients. To protect for false positives, a threshold/cluster method derived from Monte Carlo simulations was applied to z maps. 45 The resulting clustered and thresholded z maps were used to identify group differences in DMN correlation maps. Statistical parametric mapping was used for the purposes of illustrating summarized results in 1 figure from 3 outline views (glass brain; see figures 2 and 3). The center of mass for the regions showing between-group differences on these DMN correlation maps were then used to generate ROIs to test for clinical and behavioral correlates of DMN in schizophrenia patients.
DTI Imaging Analysis
Data were preprocessed with FMRIB's Diffusion Toolbox. 46 Data were corrected for effects of head movement and eddy currents by using affine registration to a reference volume. 47 Voxelwise statistical analysis of the FA data was carried out (tract-based spatial statistics in FSL 48 ). First, raw DTI data were brain extracted, 49 and then FA images were created by fitting a tensor model to the raw diffusion data. All subjects' FA data were then aligned into a common space (Montreal Neurological Institute-152 brain). 50 Next, the mean FA image was created and thinned to create a mean FA skeleton, which represents the centres of all tracts common to the group. Each subject's aligned FA data were then projected onto this skeleton and the resulting data fed into voxelwise cross-subject statistics.
Voxelwise statistics were conducted with Randomise from FSL. 44 Randomise is a permutation program that enables modeling and inference using cluster-based thresholding and was used to test for between-group differences in FA. The Randomise option for cluster-based thresholding corrected for multiple comparisons that uses the null distribution of the max (across the image) ''cluster mass'' was used with t ! 2.00 (http://www. fmrib.ox.ac.uk/fsl/randomise/index.html).
Clinical and Behavioral
Correlates. An exploratory analysis examining the nature of the relationship between altered brain connectivity and behavioral measures in schizophrenia patients was conducted. Randomise (FSL) 51 was used to examine the correlation between (1) behavioral measures and DMN correlation values and (2) behavioral measures and FA values in schizophrenia patients. Randomise was used to correct for multiple comparisons by using the null distribution of the max (across the image) cluster size (critical t value of 1.7). 51 Covariates of interest included in the permutation test were total scores for clinical measure (SANS and SAPS) and cognitive ability (attention and concentration and memory). The resulting statistical maps show regions in which individual scores varied together with (1) DMN correlation maps and (2) FA maps.
Results
Functional Connectivity-fMRI Results
ICA on all participants as a group revealed 29 independent components, from which one showed the highest correlation with the DMN mask. This component included bilateral: posterior cingulate cortex, precuneus, anterior cingulate, parietal lobule, inferior and medial prefrontal cortex, middle temporal gyrus, and thalamus (see figure 1 ; table 2). (7, 66, 22 and 8, 53, 5) , left superior frontal cortex (À19, 48, 4) , and right superior frontal cortex (17, 68, À15 and 23, 52, À18); (b) right anterior cingulate cortex (11, 38 À5) ; (c) right medial frontal cortex (15, 49, 4) , left superior frontal cortex (15, 49, 4) , and left anterior cingulate cortex (À17, 39, 12) ; (d) right medial frontal gyrus (31, 43, À11) .
Scatter plots show correlation between resting fMRI connectivity and behavioral measures.
Unpaired t test results corrected for multiple comparisons on DMN correlation maps revealed significant between-group differences in a cluster comprised of MFG and ACG (x = 2, y = 54, z = 1). Schizophrenia patients' DMN correlation maps showed reduced correlation with their DMN time courses in MFG and ACG when compared with healthy controls (see figure 2a ). Mean MFG and ACG signal extracted from individuals' data showed that there were no group differences in variance in these regions (Levene test for equality of variance t = 3.21, P = .79). A medial frontal ROI was derived from this group difference map to test for correlations with clinical and cognitive measures in schizophrenia patients.
Anatomical Connectivity-DTI Results
t Test results corrected for multiple comparisons revealed significant between-group differences in the anterior cingulate bundle (P < .05). Schizophrenia patients showed reduced FA in this region when compared with healthy controls (see figure 2b) . Mean FA values for the schizophrenia patients (M = 6267.62, SE = 79.36) were significantly lower than mean FA values for healthy controls (M = 6630.70, SE = 64.59); (t(2,56) = 3.55, P = .001) within voxels shown in figure 2b. There were no regions in which schizophrenia patients had increased FA when compared with healthy controls.
Clinical and Cognitive Measures Results
Schizophrenia patients' total scores for negative and positive symptom assessment were M = 10.31 and SD = 3.66 for SANS and M = 6.86 and SD = 3.15 for SAPS. Schizo-phrenia patients showed significantly lower scores in tasks measuring attention and concentration abilities (M = 9.11, SD = 1.78) when compared with the HC group (M = 12.43, SD = 1.69; t(56) = 7.28, P < .001). Schizophrenia patients showed significantly lower scores in tasks measuring memory ability (M = 13.80, SD = 3.37) when compared with the HC group (M = 19.01, SD = 2.80; t(56) = 6.39, P < .001). 
Relationship Between Behavioral Measures and Brain Connectivity
Anatomical
Connectivity. Schizophrenia patients showed significant positive correlations (P < .05) between FA values in genu of corpus callosum and SANS scores (x = À11, y = À29, z = 6 and x = 11, y = À33, z = 4). Patients had no significant correlation between FA values and SAPS scores or cognitive measures.
Discussion
The main goal of the present study was to examine brain connectivity abnormalities in schizophrenia and its relationship to behavior. In order to investigate this, we integrated 2 neuroimaging techniques: fMRI to examine resting functional connectivity and DTI to examine anatomical connectivity in schizophrenia patients. In addition, we utilized an innovative hybrid ICA approach that incorporated both hypothesis-driven and data-driven components in order to address previous conflicting results of reduced, 6 increased, 7 or normal connectivity 8 within the DMN of schizophrenia patients. Both functional and anatomical connectivity results showed altered gray and white matter organization, respectively, manifested as reduced connectivity in schizophrenia patients. In addition, altered connectivity in medial frontal regions of schizophrenia patients was found to be associated with symptomatology and cognition.
FMRI data confirmed the existence of a fronto-parietaloccipital network in schizophrenia, and healthy controls comprised of brain regions that have previously shown synchronized intrinsic fluctuations during rest known as the DMN. 5, 43, 52 Consistent with a previous study that used ICA to examine resting state networks in schizophrenia patients, 8 groups did not differ in their representation within the chosen DMN network extracted from ICA. When comparing DMN correlation maps between groups, however, schizophrenia patients had reduced functional connectivity in medial frontal regions that included MFG and ACG when compared with healthy controls. Present results are consistent with other studies that have reported reduced connectivity of frontal regions and previously defined seeds within the DMN during rest. 6, 53 From a broader perspective, present results provide further evidence to the hypofrontality hypothesis in schizophrenia patients. 54 Results from the present study, however, are inconsistent with previous studies that have found hyperconnectivity in frontal regions in schizophrenia patients. 7 Inconsistency of findings may be related to the type of resting data collected (ie, pure resting scan versus resting periods extracted during task performance). The level of self-awareness and internal thought can be potentially different if an individual is either asked to only rest during the whole duration of the scan (ie, 6 min in the present study) or asked to rest during smaller blocks of time in between task performance (eg, Whitfield-Gabrieli et al 7 collected resting data between performance of an N-back working memory task). Further research needs to be conducted examining functional connectivity in frontal regions in schizophrenia patients in which different types of resting scans are collected and compared.
When examining anatomical connectivity, schizophrenia patients showed reduced white matter organization in medial frontal regions when compared with healthy controls as has been reported in previous DTI studies. 15, [19] [20] [21] It is worthy of note that present results were internally consistent, in that connectivity abnormalities found in medial frontal regions were manifested both in gray and white matter. Previous studies that have examined brain connectivity using both DTI and fMRI have also found an agreement between anatomical and functional connectivity properties. 12, 13, 55, 56 Internal consistency between anatomical and functional connectivity abnormalities can imply 2 possible mechanisms: (1) that poor white matter integrity contributes to disturbances in functional connectivity in adjacent gray matter or (2) that consistently reduced neuronal activity in gray matter contributes to loss of myelination in white matter. A study examining the thickness of myelin sheath in mice has provided evidence for the latter mechanism by reporting a relationship between neuronal signaling and axons' myelination. 57 Michailov et al 57 found that the thickness of myelin sheaths in axons depended on the degree of nerve signaling. Based on this evidence, it is possible that reduced white matter integrity found in medial frontal lobe in schizophrenia patients is the result of reduced neuronal firing in adjacent medial frontal cortex. Further research, however, needs to be conducted to fully understand specifics of this relationship.
Because results found in the present study were consistent across neuroimaging methods, reduced frontal connectivity may be a good candidate for a biological marker for developing schizophrenia. In order to further investigate this, however, individuals at high genetic risk for developing schizophrenia need to be examined. Results from previous studies examining brain connectivity on individuals at high genetic risk for schizophrenia, however, are inconsistent. While Whitfield-Gabrieli et al 7 found abnormally increased levels of functional connectivity in frontal regions, Hoptman et al 58 found reduced anatomical connectivity in frontal regions of individuals at high genetic risk for schizophrenia. Again, differences in methodologies may underlie discrepancies in results.
To investigate the effects of altered medial frontal brain connectivity on schizophrenia behavior, the present study examined the correlations between brain connectivity in this region and behavioral measures in schizophrenia participants. Significant correlations between schizophrenia-related psychopathology and DMN fluctuations found in the present study are consistent with previous studies in which schizophrenia participants with more severe symptomatology had increased MFG and ventral ACG connectivity. 7, 9 In other words, schizophrenia patients that deviate the most from healthy controls in terms of symptomatology were more similar to healthy controls in terms of increased medial frontal connectivity. The nature of this association may be related to the involvement of medial frontal regions in regulating internal thoughts. It has been reported that in healthy controls, decreased regulation of internal thoughts (manifested as reports of increased mind wandering) is associated with increased activation in the DMN. 59 This concept can be applicable to present findings in that schizophrenia patients that had exaggerated disorganized internal thoughts (manifested as more severe schizophrenia-like symptoms such as hallucinations and delusions) show increased engagement of the DMN. This association seems to exist regardless of diagnosis because Whitfield-Gabrieli et al 7 also reported that relatives of schizophrenia patients as well as healthy participants who had higher levels of schizophrenia-like symptoms also had increased MFG connectivity.
Positive correlations found between cognitive abilities assessed outside the scanner and functional connectivity in medial frontal regions suggest that functional connectivity of brain regions during rest mediate general cognitive performance in schizophrenia patients. One of the medial frontal regions particularly associated with attention and concentration abilities in the present study included a dorsal region of ACG. Dorsal ACG has been termed as the cognitive division of the ACG 60 because it is often activated by cognitively demanding tasks that involve stimulus-response selection in the face of competing streams of information (ie, Stroop task). Dorsal ACG has been previously implicated in cognitive abilities that require attention and concentration such as conflict monitoring, 61-63 error detection, 64 and response selection. 65, 66 It is interesting to note that, in the present study, ventral and dorsal ACG regions were found to be associated with different aspects of behavior in schizophrenia patients. While ventral ACG was found to be positively correlated to severity of negative symptoms, dorsal ACG was found to be positively correlated with attention and concentration composite scores. A study that specifically examined the functional connectivity of ACG during rest 67 proposed that ACG's connections to other brain regions depend on which ACG subdivision is involved. While ventral/rostral portions of the ACG were found to be functionally correlated to regions mediating affective processes in amygdala, hippocampus, ventromedial prefrontal cortex, and posterior cingulate cortex, more dorsal regions of ACG were found to be functionally correlated to regions mediating attentional processes in dorsolateral and inferior prefrontal cortices and sensorimotor processes in frontoparietal cortices. 67 Findings from the current study follow this distinction in that ventral ACG was associated with emotional aspects of behavior (negative symptomatology) and dorsal ACG was associated with cognitive aspects of behavior (attention and concentration).
The MFG was also positively associated with memory abilities in schizophrenia patients. Our results are consistent with previous studies that have found positive associations between working memory performance and strength of MFG functional connectivity during rest. 23 Present results, however, are not consistent with a previous fMRI study by Whitfield-Gabrieli et al 7 examining brain connectivity during rest and during a working memory task (N-back). 7 Whitfield-Gabrieli et al 7 found that increased resting activity in MFG is associated with better working memory performance in schizophrenia patients and their relatives. As mentioned before, inconsistency in results may be related to differences in methodology. While both Whitfield-Gabrieli and Hampson used seeded ROIs in medial frontal cortex and posterior cingulate cortex, they differed in that the resting data were either extracted from scans that included an Nback task alternated with blocks of rest 7 or collected in scans separate from N-back task collection. 23 The con-text in which resting data is collected may affect ongoing intrinsic brain activity because in the former, participants may be consolidating performance during previous trials or preparing for future performance, while in the latter, the participant is not involved in a task at all during the whole resting scan. These methodological differences need to be addressed in future studies.
There are limitations to this study which should be considered and addressed in future work. First, while between-group DMN connectivity differences were found, these differences could be further addressed by measuring brain connectivity during task performance in the same scanning session. In this study, however, we focused on examining connectivity during rest because we were particularly interested in understanding connectivity differences when an individual is not engaged in task performance. Second, the present study did not specifically address whether altered functional and anatomical brain connectivity in schizophrenia patients precedes or is subsequent to manifestation of disease-related processes such as active symptom subtypes, illness duration, and/or medication effects. The inclusion of individuals at risk for the disease such as relatives of patients would help to address these possible effects. Finally, groups differed in their level of education and occupation. Because many individuals with schizophrenia have their education interrupted due to the manifestation of the illness, it is difficult to find a large sample of patients and controls that are matched on education and occupation levels. In the present study we conducted a separate analysis to look for between group differences in functional and anatomical connectivity with these variables as regressors of no interest. Data still showed differences between groups in medial frontal regions, but in smaller clusters that did not survive correction for multiple comparisons. Future studies should try to recruit groups that are matched in education and occupation.
The present study shows convergent fMRI and DTI findings that are consistent with the disconnection hypothesis in schizophrenia, particularly in medial frontal regions, while adding some insight to the relationship between altered brain connectivity and behavior. First, there is reduced functional connectivity in medial frontal regions during rest in schizophrenia patients. Second, reduced anatomical connectivity is also found in white matter adjacent to these medial frontal regions in schizophrenia patients. Third, altered connectivity in medial frontal regions may underlie schizophrenia psychopathology as well as poor cognitive performance characteristic to schizophrenia.
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